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Iron oxide nanostructured (ION) electrodes were assembled layer-by-layer onto ITO-coated glass
substrates and their structure, morphology, and electrochemical properties were investigated, the
latter aiming at the development of a chemical sensor for Cu2+. The electrodes were built by
immersing the substrate alternately into an aqueous colloidal suspension of positively charged
magnetite nanoparticles (np-Fe3O4, 8 nm) and an aqueous solution of anionic sodium sulfonated
polystyrene (PSS). The adsorbed amount of both materials was monitored ex-situ by UV-vis spec-
troscopy an it was found to increase linearly with the number of deposition cycles. The resulting
ﬁlms feature a densely-packed structure of magnetite nanoparticles, as suggested by AFM and
Raman spectroscopy, respectively. Cyclic voltammograms of electrodes immersed in acetate buffer
(pH 4.6) displayed three electrochemical events that were tentatively ascribed to the reduction
of Fe(III) oxy-hydroxide to magnetite, reduction of maghemite to magnetite, and ﬁnally oxidation
of magnetite to maghemite. The effect of np-Fe3O4/PSS bilayers on the ION electrode perfor-
mance was to increase the anodic and cathodic currents produced during electrochemical oxidation-
reduction of the Fe(CN)3−/4− redox couple. With more bilayers, the ION electrode provided higher
anodic/cathodic currents. Moreover, the redox couple exhibited a quasi-reversible behavior at the
ION electrode as already observed with other working electrode systems. Fitting of voltammetry
data provided the apparent electron transfer constants, which were found to be higher in ION elec-
trodes for both redox couples (Fe(CN)3−/4− and Cu2+/0). By means of differential pulsed anodic
stripping voltammetry, the ION electrodes were found to respond linearly to the presence of Cu2+
in aqueous samples in the range between 1.0 and 80× 10−6 mol · L−1 and displayed a limit of
detection of 03×10−8 mol ·L−1. The sensitivity was ∼0.6 A/mol ·L−1. In standard addition and
recovery experiments performed with tap water the recovery was about 102%–119%. In similar
experiments conducted with ground and instant coffee samples the recovery was 92.5% and 103%,
respectively. Furthermore, the ION electrodes were almost insensitive to the presence of common
interfering ions, such as Zn2+, Mn2+, Ni2+, and Fe3+, even at concentrations ten times higher than
that of Cu2+.
Keywords: Iron Oxide Electrodes, Magnetite Nanoparticles, Layer-by-Layer Deposition, Cu(II),
Chemical Sensor.
1. INTRODUCTION
The electrochemistry of iron oxide nanoparticles (ION)
has been playing a main role in energy conversion, stor-
age and chemical sensing devices. ION ally easy and
∗Author to whom correspondence should be addressed.
low cost preparation to a wide range of nanostructures
and (photo)electrochemical properties. Photoelectrodes of
hematite (-Fe2O3 nanoparticles have taken advantage on
their enhanced surface area and semiconducting behavior
to reach, via water splitting, a 2.1% conversion efﬁciency
of solar light into molecular hydrogen.1 The perspective
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of a 16.8% theoretical efﬁciency for such electrodes has
attracted the attention of several research groups world-
wide and has established itself as an exciting new research
ﬁeld. In chemical sensing, ION have been employed
to improve the properties of nanostructured electrodes
towards detection of some biochemical analytes, including
hydrogen peroxide, dopamine (DA), urea, and glucose.2–10
In this type of devices, ION may act in different ways
such as an electro catalyst, anchoring matrix for enzymes
or hemoglobin, or even in the improvement of the elec-
trode‘s life-time. ION have also been used as active ele-
ments for sensing of reducing gases and metal cations in
solution.11–14
Adekunle et al.2 have employed magnetite nanoparti-
cles (np-Fe3O4, ∼ 30 nm) electrochemically deposited onto
single-walled carbon nanotubes (SWCNT)-modiﬁed elec-
trodes to improve DA detection. They have found that
these nanoparticles are responsible for an electrocatalytic
effect enabled by the electronic interaction with SWCNT
as well as by their speciﬁc interaction (chelate forma-
tion via Fe3+ with DA molecules. Cao and Hu5 and
Zhao et al.6 have observed that np-Fe3O4 can act on the
direct electron transfer between hemoglobin and pyrolytic
graphite electrodes, thus improving the biocatalytic activ-
ity towards the reduction of oxygen, hydrogen peroxide,
trichloroacetic acid, and nitrite. They have also found that
np-Fe3O4 provide a more compatible matrix for proteins
such as hemoglobin while preventing their denaturation.
Cummings et al.7 have found that an ITO-coated elec-
trode modiﬁed with maghemite nanoparticles (-Fe2O3,
∼ 10 nm) may exhibit Fe(IV) surface species that are reac-
tive towards oxidation of glucose to gluconolactone in car-
bonate buffer medium. McKenzie et al.8 have shown that
hydrous ferric oxide nanoparticles adsorbed onto boron-
doped diamond electrodes act as an efﬁcient electrocata-
lyst in a heterogenous Fenton-type process that drives the
oxidation of hydroxide to dioxygen.
Electrodes based on ION can be made by different
deposition procedures. Among them, the layer-by-layer
(LbL) assembly of colloidal ION with different polyelec-
trolytes has proven to be a quite simple yet very effective
strategy for the production of multilayered nanocomposite
ﬁlms with predeﬁned volume fraction and spatial distribu-
tion of ION.15 The LbL deposition procedure consists on
transfering one-by-one colloidal ION and polyelectrolytes
layers to a solid substrate that is immersed alternately
into their respective solutions/dispersions. The electro-
static mode of adsorption implies that a same amount
of material is adsorbed per layer (deposition cycle) so
that ﬁlm thickness and mass loading can be controlled
by setting the number of layers at a previously deﬁned
value.1516 In previous contributions, we have observed
that the LbL assembly permits one to control the vol-
ume fraction and, consequently, inter-particle distances in
nanocomposite ﬁlms made of polyaniline or sodium sul-
fonated polystyrene (PSS) with -Fe2O3 nanoparticles.
17–19
This feature made it possible to tune the electrical conduc-
tivity and the strength of magnetic dipolar interactions (in
a wide range of energy) within the nanocomposite. The
LbL assembly has also been used to control of the ion
sensitivity of chemical sensors based on nanocomposite
ﬁlms made with cobalt ferrite nanoparticles and conduct-
ing polyelectrolytes.12
In the present contribution, we have engineered iron
oxide nanostructured electrodes for detection of Cu2+. The
electrodes were built on top of ITO-coated glass substrates
by LbL depositing nanocomposite ﬁlms of positively-
charged np-Fe3O4 (8 nm) and anionic PSS, or else (np-
Fe3O4/PSS)n, where n stands for the number of deposited
bilayers. The structure of electrodes was assessed by UV-
vis and Raman spectroscopy whereas the morphology was
investigated by atomic force microscopy. Cu2+ is known
for its importance as a micronutrient as well as an active
component in fungicides for the protection of crops from
fungal attacks.2021 For example, coffee trees are rather
susceptible to fungal diseases, such as coffee berry dis-
ease (Colletotrichum coffeanum) and leaf rust (Hemileia
vastatrix), which are protected with Cu-based fungicides.22
Nonetheless, the spraying of such fungicides in coffee
plantation contaminates the upper soil as well as cof-
fee berries and leafs.23 Indeed, higher concentration of
Cu2+ ions may pose serious risk to human consumers.
Measuring of Cu2+ contents in coffee also determines
its geographical growing location.24 Therefore, detection
and quantiﬁcation of Cu2+ ions in coffee, either in cof-
fee leafs or berries and ground coffee are key issues for
the improvement of food safety and tracking of this food
product. As far as we know, ION-based electrodes have
never been tested for this purpose. The use of LbL ION-
based electrodes in chemical sensing is potentially promis-
ing once they are easily produced at low cost and can have
their performance tuned by the electrode’s supramolecular
assembly.
The electrochemical parameters of the ITO-(np-
Fe3O4/PSS)n electrodes, including Ep and apparent elec-
tron transfer constants as a function of the number
of np-Fe3O4/PSS bilayers (n) were assessed by cyclic
voltammetry (CV). Their analytical application was eval-
uated by differential pulsed anodic stripping voltammetry
(DPASV) with artiﬁcially contaminated water samples as
well as ground and instantaneous coffee.
2. EXPERIMENTAL DETAILS
2.1. Materials
Sodium sulfonated polystyrene (PSS, Mw 70,000 g
mol−1, FeCl2 · 4H2O, FeCl3 · 6H2O, NaOH, HClO4, and
3-mercapto propanesulfonic acid sodium salt (3-MPS)
were purchased from Sigma-Aldrich (Brazil). K3Fe(CN)6,
CuSO4 · 5H2O, acetic acid, nitric acid, hydrogen per-
oxide 30%, and sodium acetate were purchased from
Merck (Germany) and Vetec (Brazil). All chemicals were
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analytical grade or better and used as received. Standard
solutions of Zn2+, Mn2+, Ni2+, and Fe3+ at 1000 mg ·L−1
purchased from Fluka were employed as source of interfer-
ing ions. Optical (BK7 type) and ITO-coated (30 ohm · sq)
glass slides (1×10×25 mm) were employed as substrates
for nanocomposites ﬁlm depositions, and for UV-vis spec-
troscopy characterization and electrochemical measure-
ments, respectively. BK7 slides with a gold-sputtered
coating layer (Au-coated) were used to prepare samples for
Raman spectroscopy. All experiments (nanoparticle syn-
thesis, solutions preparation, and substrate cleaning) used
exclusively ultra-pure water (18 Mohm · cm) provided by
a Milli-Q Millipore water puriﬁcation system.
Preparation of np-Fe3O4 was carried out by co-
precipitation of Fe(II) and Fe(III) ions with NaOH.25 In
a typical run, an aqueous solution containing iron ions in
a 1:2 mole ratio of Fe(II)/Fe(III) was added drop wise
to a solution of NaOH kept stirred by a magnet bar
at room temperature. After the complete addition of the
iron ions solution, the reaction mixture was kept stirring
for additional 30 minutes at the same temperature. The
black precipitated of np-Fe3O4 was then isolated from the
supernatant reaction mixture by decantation and washed
(3 times) with ultra-pure water. The stoichiometry for the
co-precipitation reaction synthesis is as follows:25
Fe2+aq+2Fe3+aq+8OH−aq→Fe3O4s+4H2Ol
The isolated particles were dispersed in aqueous HClO4
solution (pH 3) with magnetic stirring for 18 h. After the
stirring step, the as-obtained colloidal dispersion was son-
icated for more 10 min. and then centrifuged (4500 rpm,
10 min.) to remove insoluble and aggregated particles.
This ﬁnal colloidal dispersion of np-Fe3O4 was employed
as source of nanoparticles for ﬁlm depositions. The
acidic medium protonates nanoparticles’ surface and thus
ensures the colloidal stability through electrostatic repul-
sion forces. The iron concentration (in mg ·mL−1 of col-
loidal dispersions was determined by combining atomic
and UV-vis absorption spectroscopies.
2.2. Nanocomposites Film Depositions
The optical glass slides were previously cleaned in a two-
step cleaning procedure with piranha solution and RCA
solution, as described elsewhere.26 ITO-coated slides were
gently rubbed with neutral detergent soap and left soaked
into diluted detergent solution for 20 min in an ultrasonic
bath. The detergent was removed with plenty of water. The
substrates were then soaked into ultra-pure water and left
in ultrasonic bath for more 20 min. Au-coated slides were
functionalized with sulfonic groups by soaking them into a
3-MPS aqueous solution (0.02 mol ·L−1 overnight. A col-
loidal suspension of positively-charged np-Fe3O4 (0.1 mg ·
mL−1 and the anionic PSS solution (1.0 mg ·mL−1, pH
3.0 HClO4 were used for all nanocomposites’ deposi-
tions. The depositions were performed via the LbL pro-
cedure in which the substrate was alternately immersed
into the np-Fe3O4 suspension and the PSS solution, fol-
lowed by washing and drying steps in between. The time
of immersion of substrates (adsorption time) was set in
3 min. for both materials with a washing step of 20 s.
Drying was performed with a N2-gas ﬂow. The deposi-
tion cycles resulted in multilayered nanocomposites with
the repeating unit (np-Fe3O4/PSS)n where n stands for the
number of deposition cycles (= number of bilayers). The
conditions here employed for depositions followed those
used in previous studies.19 This deposition procedure was
equally employed for all types of substrates (optical glass,
ITO-coated, and Au-coated glass slides). All depositions
were performed by hand at 25 C.
2.3. Characterization
The size and morphology of the as synthesized np-Fe3O4
was evaluated by TEM (Jeol Jim 1011, 80 kV). TEM
samples were prepared by dropping a highly diluted sus-
pension of positively charged np-Fe3O4 onto copper grids
(TedPela) and allowing them to dry in a silica-ﬁlled
borosilicate glass desiccator. The np-Fe3O4 were approxi-
mately spherical with a diameter of 8.7± 0.1 nm accord-
ing to the log-normal ﬁtted size distribution presented in
Figure 1. The co-precipitation route invariably leads to
polydisperse samples. A typical micrograph of the np-
Fe3O4 sample is shown as the inset of Figure 1.
The zeta potential of np-Fe3O4 in the colloidal suspen-
sion was measured with a Malvern Zetasizer Nanoseries
Na o Z590 and the value found was + 46 mV. The adsorp-
tion of each (np-Fe3O4/PSS) bilayer was measured ex situ
by UV-vis spectroscopy (Varian Cary 5000). The vibra-
tional structure of np-Fe3O4 in the nanocomposites was
Figure 1. TEM micrograph of np-Fe3O4 (from colloidal suspension
sample, inset) and the particle’s size distribution (histogram) accom-
panied of the curve ﬁtting (solid line) with a log-normal distribution
function.
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evaluated by Raman spectroscopy (Jobin Yvon T 64000,
laser line at 514 nm). The morphology of nanocompos-
ites was assessed by AFM (Digital MultiMode Nanoscope
IIIa, tapping mode).
The electrochemical characterizations (CV and DPASV)
of ION electrodes were all conducted in a Autolab poten-
ciostat system (EcoChimie, PGSTAT 30) with a three elec-
trode conﬁguration cell comprised by a Ag/AgCl reference
electrode, a platinum wire counter-electrode and the work-
ing electrode being the ITO-coated glass modiﬁed with the
(np-Fe3O4/PSS)n bilayers. ION electrodes with n = 1, 3,
5, 7, and 10 bilayers were built and characterized. The
electrolyte was an acetate buffer solution (pH 4.6), which
was chosen to ensure Cu2+ solubility and nanocompos-
ites’ stability. Before each measurement run, the electro-
chemical cell was purged with N2-gas ﬂow for 300 s and
then followed by a rest period of 120 s. CV scans were
performed at different scan rates in pure acetate (to iden-
tify working potential window) and in Fe(CN)−3/−4 redox
pair solution (1 mmol ·L−1. From these measurements the
thermodynamic and kinetic parameters of ION electrodes
were determined; the formal reduction potential (E0), the
apparent electron-transfer rate constant (koapp), separation
peak potentials (Ep), and electron transfer coefﬁcient ().
The analytical application of ION electrodes was eval-
uated by DPASV in Cu2+ aqueous solutions (0.49; 0.98;
2.0; 3.9 and 7.9 mol ·L−1 and coffee samples. Ground
(GC) and instant coffee (IC) samples were purchased in
the local market and digested according to the follow-
ing procedure before Cu2+ determinations were performed.
One gram (± 1 mg) of coffee sample was suspended in a
mixture of 10.0 mL of concentrated nitric acid and 3.0 mL
of hydrogen peroxide, and then digested in a microwave
oven (Provecto Analitica, DGT 100 Plus) according to a
programmed heating ramp: (1) 6 min. at 450 W; (2) 4 min.
at 650 W; (3) 6 min. at 850 W; (4) 5 min. at 800 W.
After this treatment, the sample was transferred to a vol-
umetric ﬂask (25.0 mL) to which 10.0 mL of sodium
acetate 2.0 mol ·L−1 was added. The remaining volume
was completed with ultrapure water. In a typical DPASV
measurement run, the working electrode was initially (and
before each measurement step) conditioned at +03 V for
90 s, followed by an accumulation step at −04 V for
180 s, and ﬁnally, the determination step was performed
by applying a differential pulse from −04 V to +03 V
(pulse amplitude: 50 mV; scan rate: 5 mV ·s−1; pulse time:
40 ms). Standard addition and recovery experiments were
performed with tap water and coffee samples. These exper-
iments allowed estimation of the sensitivity and the limit
of detection (LD) of ION electrodes to Cu2+. The LD was
determined from the analytical curve, according to Eq. (1):
LD = 2 syt
a1
√(
1
N
)
+1+ yc − y¯
2
a21
∑n
i=1xi− x¯2
(1)
where sy is the standard deviation, t is the Student dis-
tribution, a1 is the slope for the linear regression of the
analytical curve, N is the number of measurements, yc is
the superior limit of the conﬁdence interval, y is the ana-
lytical signal, and xi is the analyte concentration.
The amount of Cu2+ in tap water and coffee samples
was also determined by atomic absorption spectroscopy
(Varian, model AA240FS) performed under the following
conditions: air/acetylene ﬂame (air ﬂow 13.5 L ·min−1;
acetylene ﬂow: 2.0 L ·min−1; Cu2+ concentration range:
7.9 to 94.1 mol ·L−1; UV detection at 324.8 nm.
The inﬂuence of some interfering ions was also inves-
tigated. For that purpose, standards of Zn2+, Mn2+, Ni2+,
and Fe3+ were separately added to a 2.5 mol ·L−1 Cu2+
aqueous solution. The standards were added at three con-
centration levels of interference: 0.25, 2.5, and 25.0 mol ·
L−1. The analytical signal (height peak) was calculate
as relative to the analytical signal of pure Cu2+ solution
(2.5 mol ·L−1 in the absence of the interfering ion).
3. RESULTS AND DISCUSSION
3.1. Deposition, Structure and Morphology of
Nanocomposites
The deposition of nanocomposites (np-Fe3O4/PSS) onto
BK7 glass slides was monitored ex situ by UV-vis spec-
troscopy. The spectra were recorded after every deposited
(np-Fe3O4/PSS) bilayer. As shown in Figure 2, spectra of
nanocomposites are rather structureless and display two
subtle shoulders at 480 nm and 360 nm. These features
are typical of magnetite and are ascribed to the Fe2+ →
Fe3+ electron transfer process in the inversed spinel crys-
tal structure.27 Those bands have been also referred to
as the indirect band gap transition. PSS absorbs only at
270 nm due to the 	 → 	∗ transition of its sulfonated
Figure 2. UV-vis spectra of nanocomposites with different numbers (n)
of bilayers (np-Fe3O4/PSS), as indicated (n = 1 , 3, 5, 7, and 10). The
inset graphic shows the dependence of nanocomposite’s absorbance with
the number of adsorbed bilayers, measured at 360 nm and 480 nm. The
straight lines represent the best curve ﬁtting (r2 = 0990 for 360 nm and
r2 = 0978 for 480 nm).
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benzene rings and, therefore, it does not contribute to the
nanocomposites’ absorption in the measured wavelength
range (from 800 to 300 nm). After inspecting the inserted
graphic in Figure 2 it is clearly noted that the absorbances
of these two shoulders increase linearly with the num-
ber of bilayers. Therefore, it can be concluded that each
bilayer contributes with a constant amount of np-Fe3O4, as
already reported for similar systems.1218192628 Since the
adsorption process is electrostatically driven, it depends on
the mutual charge compensation between depositing elec-
trolyte materials. Therefore, it can be assumed that the
amount of adsorbed of PSS is also constant at each bilayer.
As pointed out previously,29 Raman as well as FT-
IR spectra30 give unique ﬁngerprints for each iron oxide
phase so that discrimination and identiﬁcation of phases
can be accomplished unequivocally. The Raman spec-
trum of a (np-Fe3O4/PSS)3 nanocomposite ﬁlm, recorded
under 0.3 mW power excitation intensity, is presented in
Figure 3. The spectrum displays three main bands that
are then adjusted by ﬁve lorentzians ascribed to mag-
netite vibration modes, as follows:31 T 12g (193 cm
−1; Eg
(328 cm−1; T 22g (470 cm
−1; T 32g (540 cm
−1; and A1g
(670 cm−1). It is worth mentioning that the maghemite
phase, indicated by a vibrational mode at 720 cm−1, is
absent in the nanocomposite.
The AFM images (topography and phase) of the (np-
Fe3O4/PSS)3 nanocomposite ﬁlm are shown in Figure 4.
The topography image (Fig. 4(a)) shows a densely-packed
layer of np-Fe3O4. The featured sizes in AFM images cor-
roborate the sizes of np-Fe3O4 in the colloidal suspen-
sion as measured by TEM. Some np-Fe3O4 aggregates are
also present. The phase image (Fig. 4(b)) reveals that np-
Fe3O4 (lighter features) are surrounded by a softer PSS
layer (darker contours). As already observed in previous
investigations, in the LbL assembly the ION readily adsorb
onto the plain substrate as well as onto already adsorbed
bilayers.1732 They prefer to adsorb into the voids left
Figure 3. Raman spectrum of (np-Fe3O4/PSS)3 nanocomposite ﬁlm.
Laser line: 514 nm; power excitation intensity: 0.3 mW.
Figure 4. Topographic (a) and phase (b) AFM images of a
(np-Fe3O4/PSS)3 nanocomposite ﬁlm.
between particles of the underneath layer to form more
compact layers instead of adsorbing on top of them. These
voids, as well as the nanoparticles’ surfaces, are coated
with polyelectrolyte that serves as an anchoring site for the
upcoming nanoparticles. In fact, the rms surface roughness
of nanocomposite ﬁlms increased from 7.5 nm for the very
ﬁrst np-Fe3O4 single layer to 12.1 nm (5 np-Fe3O4/PSS
bilayers) and ﬁnally to 15 nm for 10 bilayers. Thereafter,
the roughness remained constant what corroborates the
assumption made before that upcoming nanoparticles set
into the voids left around nanoparticles from the previous
layers.
3.2. Electrochemical Properties
The electrochemical properties of (np-Fe3O4/PSS) elec-
trodes were studied by CV. The CV enables one the
observation of redox reaction dynamics and provides data
for determination of the electrochemical window and the
kinetics and thermodynamics parameters of electrodes,
such as electron transfer rate constants and formal poten-
tials. Figure 5 shows the electrochemical behavior of elec-
trodes with different number of (np-Fe3O4/PSS) bilayers
investigated in acetate buffer (pH 4.6) at 50 mV · s−1 scan
rate. The voltammograms shown in Figure 5(a) share simi-
lar features, including two cathodic waves set at −192 mV
and +41 mV and an anodic one at + 360 mV, all for
the three bilayer electrode. For the electrodes with differ-
ent number of bilayers, the potentials are slightly different
from the previous ones, as quoted in Table I. Accord-
ing to the literature, the ﬁrst cathodic wave is ascribed
to the reduction of Fe(III) oxy-hydroxide to magnetite
(Fe3O4.
3334 These Fe(III) containing species are located
at the nanoparticles’ surface as a result of oxidation.
Oxidation of ION is hardly avoided, especially because of
their great reactivity due to the enhanced surface to volume
ratio. On the other hand, these oxidized surface groups
are readily protonated in acidic medium (or deprotonated
in basic medium) and in this way they are key for the
preparation of colloidal dispersions as stabilized by repul-
sive electrostatic forces.35 The second cathodic wave at
+41 mV for the three bilayer electrode (for other number
of bilayers please refer to Table I) is ascribed to the reduc-
tion of -Fe2O3 (maghemite) to Fe3O4. The respective oxi-
dation reaction (Fe3O4 → -Fe2O3 is related to the anodic
6618 J. Nanosci. Nanotechnol. 14, 6614–6623, 2014
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Figure 5. (a) Cyclic voltammograms and (b) peak currents for the three
redox events of ION-based electrodes as a function of the number of
(np-Fe3O4/PSS) bilayers. Ipc1 and Ipc2 correspond to peak currents for the
ﬁrst and second cathodic waves, respectively. Ipa1 corresponds to the peak
current for the ﬁrst anodic wave. Electrolyte: acetate buffer pH 4.6; scan
rate: 50 mV · s−1.
wave peak at +360 mV. The process is itself practically
irreversible. In Figure 5(b) one can see that the peak cur-
rents for the three redox events (Ipc1, Ipc2, peak currents for
the ﬁrst and second cathodic waves; Ipa1, peak current for
the ﬁrst anodic wave) in the ION-based electrodes change
as a function of the number of (np-Fe3O4/PSS) bilayers.
It is interesting to note that in all electrochemical events,
the current reaches a maximum at about three bilayers and
thereafter remains almost constant. This behavior is due
Table I. Electrochemical potentials for redox processes occurring in
electrodes with different number of (np-Fe3O4/PSS) bilayers. Electrolyte:
acetate buffer, pH 4.6. Scan rate: 50 mV · s−1.
(np-Fe3O4/PSS) 1st cathodic 2nd cathodic 1st anodic
bilayers wave (mV) wave (mV) wave (mV)
1 −173 68 357
3 −192 41 360
5 −189 41 360
7 −185 59 373
10 −196 32 372
to the densiﬁcation of ION electrodes as more bilayers
are being deposited, which limits electron transfer between
ION ﬁlm surface and the underlying ITO substrate.
The electrochemical kinetics and thermodynamics
of ION electrodes was investigated with the ferri-
cyanide/ferrocyanide system, which is widely used as a
model probe to evaluate surface electrochemical reactivi-
ties. Figure 6 provides cyclic voltammetry data concerning
the electrochemical reactions of ferricyanide/ferrocyanide
conducted with the ION electrodes made with different
numbers of (np-Fe3O4/PSS) bilayers. The electroactive
area of ION electrodes was determined by the Randles-
Sevcik equation.36 Table II collects thermodynamic and
kinetics parameters of electrodes determined from ﬁt-
ting the voltammetry data with the model proposed by
Nicholson.37
In Figure 6(a), cyclic voltammograms recorded at a
scan rate of 50 mV · s−1 show the well-deﬁned pair
of oxidation-reduction waves regarding the FeIII(CN)3−6 +
e− ↔ FeII(CN)4−6 reaction. The current density is slightly
increased by the deposition of (np-Fe3O4/PSS) bilayers
(Table II, 3rd column). This effect is more pronounced for
the very ﬁrst bilayer, which increases the electroactive sur-
face area of the working electrode in about 32%. This is
reﬂected on the substantial increase of the electron trans-
fer rate, which for the ION electrode with one bilayer is
about four times greater than that measured with the plain
ITO electrode (Table II, 5th column, 2nd row). However,
for the subsequent bilayers, the current density reaches a
maximum and remains constant. The electron transfer rate
after three bilayers is even smaller than that determined
by the plain ITO electrode. By one hand, the increase on
the electrode‘s surface area with (np-Fe3O4/PSS) bilayers
enhances the adsorption of ferricyanide/ferrocyanide ions
and thus increases the concentration of electrons near the
electrode. However, more bilayers block the electron path
between the electrolytic solution and the ITO substrate
underneath. Despite the semiconducting behavior of np-
Fe3O4 they are still much less conducting than the plain
ITO substrate, so that only those ferricyanide/ferrocyanide
ions closest to the electrode are detected. Cao and Hu
also observed that electrodes based on hemoglobin/np-
Fe3O4 multilayers reached a current limit after few
bilayers were deposited on top of pyrolytic graphite
substrates.5
In Figure 6(b) it is seen that the current density (anodic
and cathodic) increases, but not linearly with the square
root of the scan rate (
1/2, except for the plain ITO
and for ION electrodes with few bilayers. In fact, it
is commonly observed that the ferricyanide/ferrocyanide
couple is quasi-reversible at many different working elec-
trodes. Figure 6(c) corroborates this observation, since
Ep increases with the scan rate as well. The ﬁrst and third
bilayer reduce the irreversibility in comparison to plain
ITO, but for more bilayers the quasi-reversible regime is
reestablished.
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Figure 6. Cyclic voltammetry of 0.001 mol ·L−1 K3Fe(CN)6 in 1.0 mol ·
L−1 KCl electrolyte as measured with ION electrodes with different num-
ber (n) of (np-Fe3O4/PSS) bilayers. (a) voltammograms recorded at 50
mV · s−1 scan rate, (b) cathodic and anodic peak currents as a function of

1/2, and (c) Ep versus log
.
Despite that (np-Fe3O4/PSS) bilayers have been slightly
more effective than the plain ITO in driving the electro-
chemical oxidation-reduction of the ferri/ferrocyanide cou-
ple, these ION based bilayers have considerably improved
in all electrochemical parameters the electrodes’ response
to Cu2+, which is indeed our target analyte. According
Table II. Cyclic voltammetry data of apparent heterogeneous electron-
transfer constants (k0app) for redox systems at ION electrodes with differ-
ent number of (np-Fe3O4/PSS) bilayers and plain ITO.
(np-Fe3O4/PSS) Ep (mV)
aJpa (A · cm−2 Eo (mV) k0app (cm · s−1
bFe(CN)3−/4−6
ITO 72 157 253 026
1 62 163 253 110
3 69 161 256 034
5 80 162 263 015
7 74 162 262 016
10 87 162 262 012
cCu2+/0
ITO 300 935 −110 <0026
3 268 1488 −560 0026
Notes: Obs. All redox analyte concentrations were 0.001 mol ·L−1. Suporting elec-
trolyte for Fe(CN)3−/4−6 and Cu
2+/0 was 1.0 mol ·L−1 KCl and ammonium acetate
0.1 mol ·L−1 (pH 4.6), respectively. Data shown are for the ﬁfth scan. (a) Oxida-
tion peak were normalized to the electrodes’ geometric area according to Randles–
Sevcik equation. The electron transfer coefﬁcient ( was 0.950, as attained from
the slope of E versus log
; (b) Scan rate, 100 mV · s−1. (c) Scan rate 20 mV · s−1.
to data collected in Table II (second to last line), the
ION electrode with three (np-Fe3O4/PSS) bilayers simul-
taneously reduced Ep and E
0, while increasing the cur-
rent density (∼ 50 %) as well as the electron transfer rate
constant for the reaction Cu2+ + 2e− → Cu. Because the
(np-Fe3O4/PSS) bilayers are always terminated with PSS,
which provides negatively-charged sites (–SO−3 groups) for
anchoring Cu2+ ions, they improve the electrode response
in comparison to the plain ITO.
3.3. Analytical Application
The analytical application of ION electrodes was evalu-
ated by DPASV in Cu2+ aqueous solutions (0.49; 0.98;
2.0; 3.9 and 7.9 mol ·L−1 and coffee samples. The idea
was to verify the possibility of using ION electrodes to
detect copper, since its relevance for agricultural activities
and food safety. The experimental conditions are described
in the experimental section. Figure 7 displays the DPASV
data attained with an ION electrode made with three (np-
Fe3O4/PSS) bilayers. This electrode was chosen because
it is homogeneous (three bilayers were sufﬁcient to coat
the ITO substrate with a compact ION layer), displays a
steady value for cathodic/anodic currents due to np-Fe3O4
(see Fig. 6(b)) and it is stable during voltammetry mea-
surements. Moreover, it is produced at lower cost and
shorter time than ION electrodes made with more bilay-
ers. According to Figure 7(a), DP voltammograms exhibit
two well-deﬁned and separated anodic peaks regarding the
Cu → Cu2+ + 2e− and Fe → Fe3+ + 3e− oxidation reac-
tions. When the concentration of Cu2+ is increased, the
anodic current at −104 mV has a signiﬁcant increase.
Also, a current due to Fe3+ appears, which is associ-
ated to a slight shift on the measurement background. As
quoted in Figure 7(b), the ION electrode responds lin-
early (r2 = 0996) to the presence of Cu2+ in the range
between 1.0 and 80×10−6 mol ·L−1 and presents a limit
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Figure 7. (a) Differential pulse voltammograms for Cu2+ solutions
at different concentrations (in mol · L−1 recorded with the (np-
Fe3O4/PSS)3 ION electrode and (b) analytical curve. Adjusting data for
the linear ﬁtting (solid line) are included in the plot.
of detection (LD) of 03× 10−8 mol ·L−1 (or else ∼ 0.2
ppm). The sensitivity is 57× 10−7 A/mol · L−1. The
detection precision exhibited by the ION electrode (three
bilayers) was evaluated by means of the standard deviation
(sd) calculation of ten consecutive DPASV measurements
of a 2.5 mol ·L−1 Cu2+ solution. The variation coefﬁcient
(sd/Ipaverage×100) was about 3.6%.
The LD exhibited by the ION electrode is quite promis-
ing since it is comparable to values reported in the
literature for speciﬁc electrodes. For example, gold elec-
trodes modiﬁed by cysteine, which is recognized for its
ability to form a stable complex with Cu2+, exhibited
LD ranging from ppm to ppt.38–40 Other approaches for
attaining speciﬁc electrodes for copper, including molec-
ular imprinting with EDTA,41 Schiff bases42 or peptides
fragments4344 have also reached the same range of LD.
More recently, Mahendran and Philp,13 and Philip et al.14
have proposed an elegant approach for detection of metal-
lic cations, including Cu2+, in which the color of an iron
oxide nanoparticle based magnetic ﬂuid is changed by the
presence of the ion. The metallic ion shifts the diffraction
Table III. Recovery experiments for determination of Cu2+ in tap water
and coffee using the (np-Fe3O4/PSS)3 ION electrode.
Sample [Cu2+] (mol ·L−1e Reference (mol ·L−1f Recovery (%)
A1 – 0.60 –
A1.1a 6.36 6.25 102
A1.2b 3.75 3.15 119
GC1.0 – 0.45 –
GC1.1c 0.98 1.06 925
IC2.0 – 0.11 –
IC.2.1d 1.37 1.33 103
Notes: (a) sample prepared by adding 6.25 mol L−1 of Cu2+ to sample A1. The
concentration was estimated in 6.96 mol L−1 while subtracting 0.60 mol L−1 of
A1 resulting 6.36 mol L−1 de Cu(II). (b) sample prepared by adding 3.15 mol
L−1 of Cu2+ to sample A1. The concentration was estimated in 4.35 mol L−1
while subtracting 0.60 mol L−1 of A1 and resulting in 3.75 mol L−1. (c) sample
prepared by adding 0.61 mol L−1 of Cu2+ to sample GC1.0. (d) sample prepared
by adding 1.2 mol L−1 of Cu2+ to sample IC2.0. (e) determined by DPASV. (f)
determined by atomic absorption spectrometry.
Bragg peak of the magnetic ﬂuid and the shift linearly
scales with Cu2+ in the range between 1.5 to 12.0 ppm.
For the ION electrode we have performed standard
addition and recovery experiments. According to data pre-
sented in Table III, the recovery of Cu2+ for tap water sam-
ple was about 102%–119%. For ground (GC) and instant
coffee (IC) samples, the recovery was 92.5% and 103%,
respectively.
The response of ION electrodes to Cu2+ was also tested
in presence of possible interfering ions in ultrapure water.
According to data collected in Table IV, all interfering
ions tested (Zn2+, Mn2+, Ni2+, and Fe3+ have reduced the
sensitivity of the ION electrode (three bilayers) to Cu2+.
However, this reduction is signiﬁcantly solely when the
interfering ion concentration is ten times higher than that
of Cu2+, with Zn2+ being the most important. In that case,
the interfering ion reduces the electrochemical signal to
69% of its original value (in solution absent of interfering
ion). For the other ions at this interference level, the elec-
trochemical signal of the ION electrode to Cu2+ is reduced
less than 20%. In fact, the matrix effect can be suppressed
by the standard addition method. Therefore, it is possible
to conclude that the ION electrode suffer very little inﬂu-
ence of common interfering ions and can be applied to
detect Cu2+ with great conﬁdence.
Table IV. Effect of interfering ions on the analytical signal of Cu2+
(2.5 mol ·L−1 in ultrapure water) as measured with the ION electrode
(three bilayers) by DPV.
Level of interference/remaining signal
Interfering 0.25 mol ·L−1 2.5 mol ·L−1 25 mol ·L−1
ion (%) (%) (%)
Zn2+ 81 80 69
Mn2+ 92 86 83
Ni2+ 93 87 83
Fe3+ 93 93 93
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4. CONCLUSIONS
The layer-by-layer assembly of magnetite nanoparticles
(np-Fe3O4 and sulfonated polystyrene (PSS) on top of
ITO substrates enabled the construction of iron oxide
nanostructured (ION) electrodes. The electrodes detected
Cu2+ in tap water as well as in commercially available cof-
fee samples. The assembly of ION electrodes was made
possible by the electrostatic attraction between positively-
charged np-Fe3O4 and anionic PSS after the alternated dip-
ping of the ITO substrate into their respective colloidal
suspension/solution. The amount of adsorbed np-Fe3O4
increased linearly with the number of immersion cycles,
which thus ensured the stepwise growth of ION electrode
and, therefore, permitted a great control of the electrode
fabrication process.
The presence of np-Fe3O4 reﬂected on the electro-
chemical behavior of ION electrodes. They exhibited
the main redox reactions involving Fe2+, Fe3+, and
hydrous iron oxide surface layers, which corroborated
the presence of magnetite phase as earlier evidenced
by Raman spectroscopy. The effect of np-Fe3O4/PSS
bilayers on the ION electrode performance was to
increase slightly the anodic and cathodic currents produced
during electrochemical oxidation-reduction of the ferri-
cyanide/ferrocyanide redox couple. Moreover, the redox
couple exhibited a quasi-reversible behavior on the ION
electrode as already observed with other working elec-
trode system. The apparent electron transfer coefﬁcients
for both ferricyanide/ferrocyanide and Cu2+/0 redox cou-
ples were greater with ION electrodes, although current
densities reached a maximum after deposition of three np-
Fe3O4/PSS bilayers. This behavior was ascribed to den-
siﬁcation and thickening of ION electrodes that decrease
the electron transfer across the electrode/electrolyte inter-
face. Finally, ION electrodes presented a linear response
to Cu2+ with a limit of detection (LD) of 03× 10−8
mol · L−1, which can be considered very promising in
comparison to values reported in the literature for other
electrodes including speciﬁc ones. In fact, the ION elec-
trodes appeared almost insensitive to the presence of com-
mon interfering ions such as Zn2+, Mn2+, Ni2+, and Fe3+.
Moreover, the ION electrodes could detect Cu2+ in both
ground and instant coffee samples with good precision and
accuracy.
Acknowledgments: The ﬁnancial support of Brazilian
agencies MCT-CNPq, CAPES, FAP-DF and FINATEC is
gratefully acknowledged.
References and Notes
1. K. Sivula, F. LeFormal, and M. Graetzel, ChemSusChem 4, 432
(2011).
2. A. S. Adekunle, B. O. Agboola, J. Pillay, and K. I. Ozoemena, Sens.
Actuators B 148, 93 (2010).
3. T. T. Baby and S. Ramaprabhu, Talanta 80, 2016 (2010).
4. A. Kaushik, P. R. Solanki, A. A. Ansari, G. Suman, S. Ahmad, and
B. D. Malhotra, Sens. Actuators B 138, 572 (2009).
5. D. Cao and N. Hu, Biophys. Chem. 121, 209 (2006).
6. G. Zhao, J.-J. Xu, and H.-Y. Chen, Electrochem. Commun. 8, 148
(2006).
7. C. Y. Cummings, M. J. Bonné, K. J. Edler, M. Helton, A. McKee,
and F. Marken, Electrochem. Commun. 10, 1773 (2008).
8. J. McKenzie, D. Asogan, and F. Marken, Electrochem. Commun. 4,
820 (2002).
9. R. Krishna, S. Chandra, N. Bardhan, M. Salimian, Y. Y. Yang,
E. Titus, J. Gracio, and D. Bahadur, Sci. Adv. Mater. 5, 333 (2013).
10. X. You, J. Kim, Y. K. Pak, and J. J. Pak, J. Nanosci. Nanotechnol.
13, 7349 (2013).
11. C. J. Belle, A. Bonamin, U. Simon, J. S. Salazar, M. Pauly, S. Bégin-
Colin, and G. Pourroy, Sens. Actuators B 160, 942 (2011).
12. G. B. Alcantara, L. G. Paterno, F. J. Fonseca, M. A. Pereira-da-Silva,
P. C. Morais, and M. A. G. Soler, J. Nanoﬂuids 2, 175 (2013).
13. V. Mahendran and J. Philip, Langmuir 29, 4252 (2013).
14. J. Philip, V. Mahendran, and L. J. Felicia, J. Nanoﬂuids 2, 112
(2013).
15. M. A. G. Soler, L. G. Paterno, and P. C. Morais, J. Nanoﬂuids 1,
101 (2012).
16. L. G. Paterno and M. A. G. Soler, JOM 65, 709 (2013).
17. M. A. G. Soler, L. G. Paterno, J. P. Sinnecker, J. G. Wen, E. H. C.
P. Sinnecker, R. F. Neumann, M. Bahiana, M. A. Novak, and P. C.
Morais, J. Nanopart. Res. 14, 653 (2012).
18. L. G. Paterno, E. H. C. P. Sinnecker, M. A. G. Soler, J. P. Sinnecker,
M. A. Novak, and P. C. Morais, J. Nanosci. Nanotechnol. 8, 6672
(2012).
19. L. G. Paterno, M. A. G. Soler, F. J. Fonseca, J. P. Sinnecker, E. H.
C. P. Sinnecker, E. C. D. Lima, S. N. Báo, M. A. Novak, and P. C.
Morais, J. Nanosci. Nanotechnol. 10, 2679 (2010).
20. J. C. Tan, D. L. Burns, and H. R. Jones, J. Parent. Enter. Nutr. 30,
446 (2006).
21. C. P. D’Alessandro, S. Padin, M. I. Urrutia, and C. C. L. Lastra,
Biocontr. Sci. Technol. 21, 189 (2011).
22. N. W. Lepp and N. M. Dickinson, Toxic metals, Soil-Plant Systems,
edited by S. Ross, John Wiley and Sons Inc., New York (1994),
p. 367.
23. J. O. Loland and B. R. Singh, Nutr. Cycl. Agroecosyst. 69, 203
(2004).
24. M. J. Martin, F. Pablos, and A. G. Gonzalez, Food Chem. 66, 365
(1999).
25. Y. S. Kang, S. Risbud, J. F. Rabolt, and P. Stroeve, Chem. Mater. 8,
2209 (1996).
26. L. G. Paterno, M. A. G. Soler, F. J. Fonseca, J. P. Sinnecker, E. H.
C. P. Sinnecker, E. C. D. Lima, M. A. Novak, and P. C. Morais,
J. Phys. Chem. C 113, 5087 (2009).
27. U. Schwertmann and R. M. Cornell, Iron Oxides in the Labora-
tory: Preparation and Characterization, VCH Publishers, New York
(1991).
28. G. B. Alcantara, L. G. Paterno, A. S. Afonso, R. C. Faria, M. A.
Pereira-da-Silva, P. C. Morais, and M. A. G. Soler, Phys. Chem.
Chem. Phys. 13, 21233 (2011).
29. M. A. G. Soler and Q. Fanyao, Raman spectroscopy of iron oxide
nanoparticles, Raman Spectroscopy for Nanomaterials Characteriza-
tion, edited by C. S. S. R. Kumar, Springer, Berlin (2012), p. 379.
30. P. Tartaj, J. Phys. D: Appl. Phys. 36, R182 (2003).
31. O. N. Shebanova and P. Lazor, J. Sol. Sta. Chem. 174, 424 (2003).
32. G. B. Alcantara, L. G. Paterno, F. J. Fonseca, P. C. Morais, and
M. A. G. Soler. J. Magn. Magn. Mater. 323, 1372 (2011).
33. G. V. M. Jacintho, P. Corio, and J. C. Rubim, J. Electroanal. Chem.
603, 27 (2007).
34. E. Dubois, J. Chevalet, and R. Massart, J. Mol. Liq. 83, 243 (1999).
35. J. C. Bacri, R. Perzynski, D. Salin, V. Cabuil, and R. Massart,
J. Magn. Magn. Mater. 85, 27 (1990).
36. C. M. A. Brett and A. M. O. Brett, Electrochemistry Principles,
Methods, and Applications, Oxford University Press Inc., New York
(1993), p. 177.
6622 J. Nanosci. Nanotechnol. 14, 6614–6623, 2014
Delivered by Ingenta to: Universidade de SÃ£o Paulo - Instituto OceanogrÃ¡fico - IO
IP: 143.107.180.158 On: Wed, 01 Jun 2016 18:34:08
Copyright: American Scientific Publishers
Santos et al. Iron Oxide Nanostructured Electrodes for Detection of Copper(II) Ions
37. R. S. Nicholson, Anal. Chem. 37, 1351 (1965).
38. W. Yang, J. J. Gooding, and D. B. Hibbert, J. Electroanal. Chem.
516, 10 (2001).
39. A. C. Liu, D. C. Chen, C. C. Lin, H. H. Chou, and C. H. Chen,
Anal. Chem. 71, 1549 (1999).
40. D. W. M. Arrigan and L. Le Bihan, Analyst 124, 1645
(1999).
41. M. Heitzmann, C. Bucher, J. C. Moute, E. Pereira, B. L. Rivas,
G. Royal, and E. S. Aman, Electrochim. Acta 52, 3082 (2007).
42. L. P. Singh and J. M. Bhatnagar, Talanta 64, 313 (2004).
43. M. Lin, M. S. Cho, W. S. Choe, and Y. Lee, Biosens. Bioelectron.
25, 28 (2009).
44. C. S. P. Castro, J. R. Souza, M. P. Bemquerer, and W. P. O. Filho,
Polyhedron 28, 4131 (2009).
Received: 5 September 2013. Accepted: 27 October 2013.
J. Nanosci. Nanotechnol. 14, 6614–6623, 2014 6623
